I. INTRODUCTION
Experimental achievements in the last decades have established the precise quantum control of individual quantum systems [1, 2] . Furthermore, recent efforts are focussed on the assembly and monitoring of interacting quantum systems, with various applications in the context of quantum information [3] [4] [5] [6] . The efficient characterization of the underlying quantum states in high-dimensional state spaces, however, remains a challenge due to the large number of parameters.
One possible strategy for the analysis of systems whose size, complexity or structure is beyond the reach of a detailed microscopic examination is therefore to restrict access to a small, easily controllable subsystem [7, 8] . By interaction with the remaining system, the locally observable quantities of the subsystem may be able to convey information about the global properties of the interacting system. While in general it is not always clear whether sufficient information about a possibly complex surounding system can be obtained from the few variables of the accessible subsystem, such an approach has proven to be suitable for probing the presence of correlations between the probe and its environment in a variety of situations [8, 9] . In the present article, we review recent progress in the local detection method [10, 11] -an interaction-assisted method, able to reveal quantum discord of the global system through the dynamics of a local subsystem. The method can be implemented when access is restricted to a controllable subsystem, and it has been tested in various different experimental settings. With the help of the examples reviewed in this article we discuss under which physical circumstances a successful local detection based on this method can generally be expected.
The concept of quantum discord can be intuitively understood in terms of local measurements of a bipartite quantum system. Measurements usually induce disturbances of the quantum system under observation [12, 13] . An exception to this textbook rule is found if the system is initially prepared in an eigenstate of the measured observable. More generally, if observable M and quantum state ρ commute, i.e., [M, ρ] = 0, a non-selective measurement of M will leave the quantum state ρ unchanged [12, 13] . Such a measurement projects the system into the eigenstate |ϕ m with probability p m = ϕ m |ρ|ϕ m , where we assume a non-degenerate observable with spectral decomposition 
In fact, we find that Φ(ρ) = ρ if and only if [M, ρ] = 0. Hence, for any given quantum state ρ, we can construct a family of observables M which can be measured non-selectively without disturbance. This family is comprised of all observables with the same eigenvectors as ρ, assuming no degeneracies. Let us now consider the case of a bipartite quantum system, described by a tensor product of Hilbert spaces H = H A ⊗ H B . Under which circumstances is it possible to construct local observables whose non-selective measurement does not disturb the total quantum state ρ? The post-measurement state of a non-selective measurement of a local observable 
with I B the identity on H B . Again considering only non-degenerate observables, one finds that (Φ ⊗ I)ρ = ρ is indeed equivalent to [M A ⊗ I B , ρ] = 0. The above question can thus be reformulated as: Which quantum states ρ commute with at least one local, non-degenerate observable? Obviously, if systems A and B are completely uncorrelated, i.e., if the total quantum state factorizes as ρ = ρ A ⊗ ρ B , then we can conclude that a family of local observables, e.g. in system A, can always be constructed from the eigenvectors of ρ A . The presence of correlations between the two systems, however, changes the situation.
Only a certain set of quantum states admit the existence of a non-degenerate observable M A , such that [M A ⊗I B , ρ] = 0. This family is known as the states of zero discord. They can always be written as [14] [15] [16] 
where p m is a probability distribution and ρ m B are density operators on system B. It is important to note that the |ϕ m form an orthonormal basis of H A since they are the eigenvectors of the Hermitian operator M A . This distinguishes states of zero discord from separable states with the general form [17] 
where the states ρ i A are arbitrary and need neither be pure nor orthogonal. Furthermore, unlike entanglement, discord is an asymmetric property, requiring specification of the system which is measured. Throughout this article this will always be system A.
Quantum discord therefore characterizes the presence or absence of a local observable which commutes with the full quantum state. Nonzero discord can only be observed in correlated (i.e. not factorizing) quantum states, however, even some separable states exhibit discord. For pure states, the concepts of discord and entanglement coincide. Hence, in general, discord is a concept closely connected to correlations but does not itself measure correlations. In particular, a local operation on system A may change the orthogonality properties of the |ϕ m in Eq. (3) [18] [19] [20] and thereby create discord without creating correlations [21, 22] .
The inability to commute with any local observable renders quantum states of nonzero discord furthermore suitable for certain technological tasks [16] . For instance, a phase shift ϕ, imprinted by a local unitary transformation e −iM A ϕ ⊗ I B can be estimated with high precision [23] only if the initial quantum state ρ is strongly affected by this transformation [24] . Conversely, if M A ⊗ I B happens to commute with ρ, the state is completely invariant under this transformation and, consequently, an estimation of the phase shift ϕ is impossible. While states of zero discord are insensitive to the action of certain local operators, this can be excluded for all states of nonzero discord, since no local operator commutes with these states [24] .
Among other applications [16, 25] , discord was further shown to be useful for the distribution [26] [27] [28] [29] [30] [31] and activation [32] [33] [34] of entanglement. To exploit these phenomena experimentally, one needs to first find convenient ways to generate sufficiently robust discordant quantum states [19, 20, 22, [35] [36] [37] . Second, methods to recognize the presence of discord, and perhaps to even quantify discord in experimentally relevant situations are required [16, [38] [39] [40] . The local detection method [10, 11] , to be introduced in the next section, is a dynamical method which allows to detect and quantify discord in a bipartite system with limited experimental requirements.
II. THE LOCAL DETECTION METHOD
The efficient detection of properties such as entanglement or discord is a challenging task [41] [42] [43] , which usually requires measurements of correlated observables. A popular approach for low-dimensional systems is to first obtain full information about the quantum state, and then to calculate a suitable quantifier based on the measured entries of the density matrix [22, 44] . Not only require the results of tomographic reconstructions of quantum states careful statistical analysis [45] , their experimental realization soon becomes prohibitively expensive when high-dimensional or multipartite systems are of interest. In these cases, a complete characterization of the full quantum state can no longer be of interest. Alternatively, the measurement of carefully designed observables (such as entanglement witnesses) may reveal the presence of entanglement [42, [46] [47] [48] [49] or discord [38] [39] [40] [50] [51] [52] without knowledge of the full quantum state. Yet, such procedures are often restricted to Hilbert spaces of a certain dimension and structure (e.g. qubit systems or two-mode systems of continuous variables), cf. [53] . Their implementation furthermore often requires a high degree of control over the full quantum system (or even multiple copies thereof [54] [55] [56] ) which is difficult to achieve with increasing system size.
We may also encounter situations in which the experimenter may not even have full access to the complete quantum state of systems A and B but instead may be limited to measurements and operations on the subsystem A. This limitation may be due to a fundamental inability to access the second system, when, for instance party B is spatially separated from the experimenter at A or describes degrees of freedom that cannot be measured experimentally. It may also be a deliberate choice such as to restrict the dimension of the quantum system which is to be controlled. In either case one may consider the subsystem B an ancilla system or environment to system A. Since the reduced dynamics of system A may be strongly influenced by correlations with system B, a dynamical witness for discord may be observable, even by restricting to local measurements of system A.
A. Witnessing discord with local operations
To introduce the basic idea of the local detection method [10, 11] let us recall that states of zero discord are characterized by their invariance under non-selective measurements, i.e., a state ρ has zero discord if and only if there exists a complete set of one-dimensional orthogonal projectors Π = {Π 1 , Π 2 , . . . , }, such that ρ = (Φ Π ⊗ I)ρ, where
This operation (5) is a purely local operation on system A and its implementation does not require any knowledge of system B. It furthermore describes complete dephasing in the basis Π and is therefore called a local dephasing operation [10] . Let us assume the state ρ has zero discord. A local dephasing operation that leaves the state invariant thus exists, but in which particular local basis Π? Let us first express the full quantum state ρ in terms of families of completely arbitrary local operator bases as ρ = α A α ⊗ B α . To answer the above question, we study the reduced density matrix of system A, which is obtained by performing the partial trace over B, after the dephasing operation. We obtain
where
shows that the basis Π under which a local dephasing operation has no effect on the total quantum state must coincide with the eigenbasis of the reduced density matrix ρ A [10] . For now, we do not consider the case of degeneracies, which may complicate the situation [11] .
Hence, one may test for the presence of discord by realizing a local dephasing operation in the eigenbasis of ρ A . The full quantum state is invariant under this operation if and only if it contains no discord. However, a possible change of the full quantum state under the local dephasing operation cannot be directly observed in system A: Even if the state contains discord, i.e., it changes under the local dephasing, the resulting reduced density matrix ρ A = Tr B ρ with ρ = (Φ Π ⊗ I B )ρ will always coincide with ρ A [10] . This can be seen by realizing that the result of Eq. (6) was derived without making any assumption about the full quantum state ρ. We will therefore always observe that ρ A = ρ A , regardless of whether ρ = ρ holds or not.
Moreover, since the local dephasing operation does not act on system B, one further finds that also ρ B = ρ B must always hold [11] . In fact, we can conclude that if any difference between the original state ρ and the locally dephased reference state ρ exists, it must be contained in the correlations between the two subsystems-their respective local descriptions are always unchanged by the local dephasing. Does this mean that it is impossible to observe ρ = ρ (which would constitute a witness for discord) by purely local measurements of any of the two systems? A solution can be found by considering the dynamics of this bipartite system. In fact, a change of the correlation properties of the initial state can have a strong observable impact on the reduced dynamics of one of the subsystems. This is especially well known in the theory of open quantum systems [57] , where the influence of initial system-environment correlations poses a considerable theoretical challenge [58] [59] [60] . Here, however, it can be exploited to reveal a change of the correlations between the subsystems to the local dynamics. Thus, even if ρ and ρ are indistinguishable to measurements of system A at some initial time t = 0, they may become locally distinguishable after the two systems have been interacting for a time t > 0.
Let us assume that systems A and B are subject to some interaction. For simplicity, we consider a unitary evolution of the composite system [61] , such that the evolution in subsystem A, given the initial state ρ, is governed by
If the state ρ was subject to local dephasing before the time evolution, the state of system A at time t instead reads
We had already noted that ρ A (0) = ρ A (0), regardless of the properties of ρ. However, if we observe
at a later time t > 0 we can safely conclude that ρ = ρ which implies the presence of discord in the state ρ [10, 11] . All of the necessary steps, i.e.,
• Finding the eigenbasis of ρ A
• Observing the time evolution of ρ A (t)
• Local dephasing of the initial state in the eigenbasis of ρ A
can be carried out with strictly local access only to system A, whereas no control or even knowledge of system B is required. The local detection protocol is illustrated in the diagram in Fig. 1 .
B. Quantifying discord with local operations
Detecting the mere presence of discord by following the protocol outlined above does not provide any quantitative information about the discord of the state ρ. Considering that discord is a rather ubiquitous phenomenon [63] , it is also relevant to estimate how strongly discordant a given initial state is. Certain quantifiers furthermore allow for an operational interpretation and therefore directly quantify how well a certain quantum information task can be carried out [24, 25, 27, 28, 32, 33] .
A straight-forward way to quantify discord emerges from the local dephasing operation. From the discussion above, we know that ρ differs from ρ if and only if ρ contains discord. A simple quantifier of discord is thus given by the dephasing disturbance [8, 64] , expressed by the trace distance
where X = 1/2Tr √ X † X [65] . The trace distance has several appealing properties, most notably for our purposes is its contractivity under trace-preserving and positive operations [66] . The unitary time evolution and the partial trace operation are both positive operations (they map positive operators, such as the density operator, to positive operators) [65] . Thus, using the contractivity property we find that the locally observable distance between the reduced density matrices ρ A (t) and ρ A (t) provides a lower bound for the dephasing disturbance [11] :
Total system
Local system
FIG. 1. Schematic representation of the local detection method. A local dephasing operation Φ ⊗ I produces a reference state ρ , which differs from the original state ρ only in lacking discord. The reduced dynamics of the accessible system A can be strongly influenced by the removal of discord. Hence, at a later time t, the system may evolve differently when the initial state ρ is replaced by ρ . If ρA(t) = ρ A (t) is indeed observed, it represents a witness for discord of ρ and the distance among the local states further serves as a quantitative measure of discord. Adapted from [62] .
The above inequality holds for all t ≥ 0, hence one may optimize the locally accessible lower bound by observing the time evolution of the local system for as long as possible and then taking the maximum distance [62] 
The above definition assumes that the local dephasing operation is unique, which requires that the eigenbasis of ρ A is unambiguous. This, however, is not the case if degeneracies are present in the spectrum of ρ A . In these cases the dephasing disturbance does not produce a suitable quantifier of discord [39, 67] . This problem can be circumvented by including a minimization over all possible dephasing bases. Recalling the Π-dependent definition (5) of a general dephasing operation, we introduce the minimal dephasing disturbance [8, 68] 
This measure in fact quantifies the minimal amount of entanglement which can be activated from discord in a measurement (minimal entanglement potential ) [32] [33] [34] 69] when the accessible subsystem is a qubit, i.e.,H A = C 2 . A locally accessible bound for the minimal dephasing disturbance can be obtained by dephasing over different local bases instead of just the eigenbasis of ρ A [68] . We introduce
and the corresponding local trace distance
A more rigorous bound for discord than Eq. (12) is then obtained as [68] d min (ρ) = max
To measure the above quantity, one first records the time evolution of ρ Π S (t) for different dephasing bases Π. At each time t, the minimum of all d Π (t) is obtained, the minimum being taken over all Π. Then, within the set of minima one finds the maximum value over all times t to obtain the strongest available local witness. Ideally, the optimization over Π should be carried out over all possible bases, which is experimentally impossible. In a realistic situation a systematic sampling over a sufficiently closely spaced grid of basis vectors can yield a good estimate with reasonable overhead, see, e.g., [34] .
C. Pure states: Locally accessible lower bound for negativity
Let us consider the simple case of a pure state with a controllable qubit subspace, H A = C 2 . As mentioned before, the concept of discord reduces for pure states to entanglement-in the absence of classical mixing, this is the only form of correlation that can be present. In this case, the dephasing disturbance (10) can be evaluated analytically and yields [8, 68] 
where N denotes the negativity [70] ,
and ρ Γ is the partial transpose of ρ . On the other hand, the minimal dephasing disturbance (13) coincides with the minimal entanglement potential, which for pure states also reduces to the negativity [71] . Hence, in the above scenario, the dephasing disturbance (10) coincides with the minimal dephasing disturbance (13) , and the minimum is achieved by dephasing in the eigenbasis of ρ A [68] . Moreover, the local distance (12) yields a locally accessible lower bound for the negativity.
D. Efficacy of the local detection method
Discord can ultimately be traced back to those two-body coherences that are present in ρ but are no longer found in ρ , i.e., after local dephasing. Those coherences are not detectable in either of the two subsystems. Therefore, the performance of the local detection method depends crucially on the interacting dynamics between the two subsystems. Its role is to map these initially hidden two-body coherences to measurable elements of the reduced density matrix of system A at a later time.
Certainly some dynamical processes will work better than others in detecting these correlations. For instance, if no interaction between the two systems were present, i.e., U (t) = U A (t) ⊗ U B (t), this task could never be achieved [11] . In the course of this article we will observe a number of different time evolutions and thereby explore the limitations of the local detection method based on these examples. Let us already mention that early estimates for the efficacy of the method have been obtained based on a formulation in terms of the Hilbert-Schmidt distance, which allows for analytical evaluation of measure-theoretic averages over the unitary group [72] . It was shown that [10] 
with the Hilbert-Schmidt norm X 2 2 = TrX † X, d A and d B being the dimensions of the Hilbert spaces H A and H B , respectively, and dµ representing the Haar measure on the unitary group. These group-theoretic methods further allow for analytical evaluation of the variance corresponding to the above average [11] , as well as time-dependent averages with respect to more realistic random matrix ensembles [72] . These results show that the locally observable signal, obtained from a generic dynamical system, is directly proportional to the discord of the initial state. Hence a generic unitary evolution is expected to reveal the quantum discord based on the local detection method. For further details on the Haar-measure integration techniques and additional numerical and analytical studies of the local detection method in this context, we refer to Refs. [10, 11, 72, 73] . Note, however, that the Hilbert-Schmidt distance is not contractive under positive maps. This can lead to unphysical behavior of Hilbert-Schmidt based quantifiers for discord and related quantities [74, 75] . For this reason, it is generally recommended to use the trace distance instead [76] .
We also observe that the proportionality factor on the right-hand side of Eq. (19) shrinks to zero as d B increases. This might suggest the conclusion that the signal becomes undetectably small when the observable system is coupled to a truly infinite environment. The result (19) however makes statements about generic evolutions which are well represented by the average over all unitaries. Generally speaking, systems that lead to such a dynamics are typically strongly chaotic, and deviations from the average result (19) are certainly expected. In common situations one might as well encounter highly non-generic evolutions, in particular in quantum optical systems. Later in this article we will discuss a successful experimental detection of system-environment discord by means of the local detection method where the accessible system couples to an infinite-dimensional, Markovian (memoryless) environment [77] .
III. EXPERIMENTS
The local detection method has been used to reveal discord in experiments with photons [77, 78] and trapped ions [62] . In all experimental applications reported so far, the controllable subspace was two-dimensional, whereas correlations were detected with ancilla systems ranging from two-dimensional systems to continuous variables.
A. Trapped-ion experiment
An experimental realization of the local detection method was first reported in [62] . A single trapped ion is used to simulate both a two-dimensional, locally accessible quantum system by means of its electronic degree of freedom, and a bosonic ancilla system, comprised of the same ion's motional degree of freedom. Since the ion is confined in a harmonic trapping potential, the ancilla system is described by a quantum harmonic oscillator [79, 80] . When the ion is driven by a laser whose detuning from the ion's resonance transition coincides with the frequency of the harmonic motion, an interaction between the two degrees of freedom, described to a good approximation by the anti-Jaynes-Cummings Hamiltonian
is evoked [4, 8, [79] [80] [81] [82] . Here, a and a † are the bosonic creation and annihilation operators of the harmonic oscillator mode, σ + , σ − denote the ladder operators for the electronic qubit system, Ω denotes the Rabi frequency and η is the Lamb-Dicke parameter [80] . In the above expression we assumed, for ease of notation, the Lamb-Dicke regime, i.e., η (a + a † ) 2 1; the analysis of the trapped-ion experiment, however, can be extended beyond this regime and beyond ideal experimental conditions [62] ; for a detailed account see [8] . The Hamiltonian (20) induces a coherent coupling between the states |g, n and |e, n + 1 , where |g and |e describe the electronic ground-and excited states, respectively, and |n is a Fock state of the harmonic motion. An ion initially prepared in the state |g, n hence undergoes a Rabi oscillation of the form
where U (t) = exp(−iHt/ ) and Ω n = √ n + 1ηΩ. Initially, the system is prepared by optical pumping of the electronic level to the ground state and laser cooling of the motional degree of freedom, leading to the product state
The thermal populations p n =n n /(n + 1) n+1 can be given in terms of the mean phonon numbern; see, e.g., [80] . When this initial state is exposed to the laser interaction for a duration t 0 (state preparation), it evolves as
The goal is now to detect the presence of discord between the electronic and motional degrees of freedom in the state ρ(t 0 ). To this end, the local detection method is employed, which allows us to limit experimental access to the electronic degree of freedom. The first task is to obtain the eigenbasis of the reduced density matrix, which determines the basis for the local dephasing operation. By tracing over the motional degrees of freedom (system B), we obtain the quantum state of the qubit (system A),
which is diagonal in the basis {|g , |e } at all times.
To detect the discord of the state at time t 0 , the dynamical evolution is interrupted and a local dephasing is performed by projecting onto the local subspaces, spanned by |g and |e , respectively. Experimentally this is achieved by inducing a weak ac-Stark shift on the ground state for a well-controlled period of time. To this end, another laser which off-resonantly addresses a transition between the ground state and another short-lived excited state is used. This adds a relative phase shift to any superposition that involves the states |e and |g . By performing an average over a suitably chosen family of phase shifts, the relative phase relation between the states |e and |g can be completely removed, thereby effectively realizing the local dephasing operation [8, 62] . This technique can be combined with local, coherent laser manipulations to achieve dephasing in an arbitrary basis [8, 62] .
The total state after local dephasing is then given as
By construction, ρ(t 0 ) and ρ (t 0 ) only differ inasmuch as ρ(t 0 ) contains discord while ρ (t 0 ) does not, thus, comparison with Eq. (23) now allows us to precisely identify those terms that produce the discord in ρ(t 0 ). As anticipated, these are the two-body coherences |e, n g, n + 1| (and its adjoint counterpart). Since these matrix elements are indeed off-diagonal in both of the sub-systems, any local measurement of the qubit or the ions' motion will be unable to detect their presence. One readily confirms that ρ (t 0 ) has the same reduced density matrices as ρ(t 0 ). Before we proceed to study the signature of discord in the subsequent qubit dynamics, we evaluate the dephasing disturbance, which reads [62] ,
As expected, this quantifies precisely the magnitude of the above-mentioned two-body coherences. Despite being hidden from local measurements, the discord contained in the state ρ(t 0 ) can be detected at a later time by observing deviating evolutions of the reduced density matrices ρ A (t 0 + t 1 ) and ρ A (t 0 + t 1 ). The state is again subjected to the laser interaction, for a duration t 1 (detection). The evolution of the unperturbed state was given in Eq. (24) , whereas the dephased state evolves as
The difference between the two evolutions can be observed by measuring the excited-state population. In the trappedion experiment, this is realized by a highly efficient fluorescence readout method [79, 80] . We observe the difference
where we have used the identity 2 sin α cos α = sin 2α. The fact that both states ρ A (t 0 ) and ρ A (t 0 ) are diagonal in the basis {|g , |e } allows us to determine the trace distance directly from the excited-state deviations as This quantity is locally measurable in subsystem A and provides a lower bound to the dephasing disturbance (26), a global property of the full quantum state. Whenever a nonzero deviation (29) is observed, we can conclude that ρ(t 0 ) contained nonzero discord, and the magnitude of the local trace distance further allows for a quantification of the initial discord. The experimental protocol and the measured local witness for discord is shown in Fig. 2 . The experiment was performed for two different initial temperatures of the ion's motion. The theoretical description used for the plot includes the effects of experimental imperfections, such as small detunings and fluctuating parameters [8, 62] . For both environmental temperatures, a strong signature of the initial discord is observed.
Finally, the tightest bound to the dephasing disturbance (26) is obtained by the largest deviation d max , as introduced in Eq. (12) . This quantity is plotted for different t 0 in Fig. 3 . Comparison with the predictions show that the locally recovered signatures of the initial discord are as large as theoretically possible, and almost saturate the inequality (12) 
To obtain the tightest possible bound, the maximum deviation between the local quantum states is taken. In the case of the low-temperature environment the obtained local witness almost saturates the actual distance between the global states.
In the higher-temperature case, such a tight estimation is not possible, as shown by the theoretical prediction. (30) shows that the local signal remains at a finite value for phonon distributions of much higher temperatures than those realized (n = 0.2 andn = 5.9) in the experiment [62] . Figure taken from [8] .
in the case of the low-temperature initial state.
The signal of the higher-temperature state is not as pronounced as the one obtained from the low-temperature distribution. The question arises whether the local signal would vanish completely if the temperature was increased even further, as one might expect if the usability of the local detection method was limited to effectively finitedimensional environments. This, is however not the case [8] . A simple estimate of the signal for higher temperatures can be obtained by fixing the preparation and detection pulse durations to the value Ω 0 t 0 = Ω 0 t 1 = π/2. This leads to the maximum local signal of 1/2 if the initial state of motion has temperature zero.
From Eq. (29), we obtain
The signal is shown in Fig. 4 as a function ofn. After an initial drop, the signal remains close to the finite value of 1/4 for much higher average phonon numbers than those tested in the experiment. This shows that even for a high-
Experimental setup for local detection with single photons. State preparation is realized by a Fabry-Perot (FP) filter, a polarizer and a calcite crystal, followed by a half-wave plate (HWP0) with a random orientation to scramble the local basis. A removable mirror (RM1) can be inserted to send the photon into the local state tomography unit (T2) which is used to obtain the full quantum state of polarization. When the mirrors RM1-3 are removed, the state is sent into the Michelson interferometer to generate an interacting dynamics between polarization and frequency, by adjusting the position of mirror M2. This evolution is followed by another tomography section T1 to measure the local dynamics. To reveal discord, local dephasing is realized by placing RM2 and RM3 to send the photon through a long polarization-maintaining (PM) fiber which removes all discord, when the local eigenbasis has been mapped onto its principal axes by means of HWP1. This may affect the ensuing polarization dynamics observed in T1 which would constitute a witness for discord. Figure adapted from [77] .
temperature thermal distribution, the local detection method is able to reveal the qubit-motion discord dynamically under an evolution governed by the Hamiltonian (20) . We remark that the derivation presented in this section was based on the Lamb-Dicke limit. For sufficiently small values of η, the expression (30) still represents a valid approximation for the exact expression even for large values ofn. In particular, values up ton ≈ 50 can be adequately described as long as η 0.05, which applies to the parameter reported in the experiment [62] . An exact expression for the effective Rabi frequency Ω n , beyond the Lamb-Dicke limit, can be given in terms of the generalized Laguerre polynomials L (α)
n (η 2 ) [8, 79, 80] . Numerical simulations with the exact expression produce nonzero values of the local signal even whenn and η attain values outside of the Lamb-Dicke limit. For very high values ofn, however, the validity of the effective description of the laser-ion interaction through Eq. (20) reaches its limits, since the fast-moving ion can no longer be laser-addressed with sufficient precision; hence the truly infinite limitn → ∞ cannot be tested with this ansatz.
B. Photonic experiment with continuous-variable ancilla
The first optical realization of the local detection method was reported in [77] . The accessible system here is represented by a photon's polarization degrees of freedom, which interact with the same photon's frequency degree of freedom when passing through a birefringent material. In contrast to the trapped-ion experiment, the ancilla system is no longer described by a single harmonic oscillator mode, but instead by a continuum of modes.
The experimental setup is summarized in Fig. 5 . Initially single photons are created in the quantum state
where the mixed frequency distribution is described by a Lorentzian line shape,
Here, we have discretized the frequency space by introducing a small frequency interval ∆ω; later on we will consider the continuum limit ∆ω → 0. A basis for the polarization state is defined by the states {|H , |V }, describing horizontal and vertical polarization, respectively. When passing through a birefringent material, states with a specific polarization direction travel with a modified velocity, and, due to a different dwell time inside the material, experience a modified phase shift. Formally, we find
where the dwell time is given as t = ∆n c L/c, with the speed of light c, the length L of the crystal and, the birefringence ∆n c describing the difference between the refractive indices for the two polarization directions. This evolution produces the correlated states
In the experiment, the initial phase ϕ was chosen such that ϕ = −ω 0 t.
To reveal the discord of ρ with the local detection method, one first determines the reduced state of the accessible system, which in this case is the qubit state
with the real-valued function
Experimentally, this state is obtained by inserting the removable mirror RM1, and using the tomography section T2, as is pictured in Fig. 5 . In contrast to the trapped-ion experiment, where the local eigenbasis was always given by the computational basis, here, the eigenvectors are given by |± = 1 √ 2 (|H ± |V ). Note that the local eigenbasis is first hidden by a random local unitary basis rotation of the qubit, controlled by the half-wave plate HWP0 in Fig. 5 . While this step renders the experimental detection of discord more challenging, it does not affect the theoretical treatment, since it can be accounted for by an effective redefinition of the local basis, which does not alter the correlation properties.
To realize a dephasing of the qubit experimentally, the eigenstates of the photon are mapped onto the principal axes of a long polarization-maintaining fiber by means of HWP1 after removing the mirror RM1, and placing the mirrors RM2 and RM3; see Fig. 5 . The small birefringence of the fiber leads to an effective dephasing after a sufficiently long interaction time, such that the locally dephased reference state
is created [77] . One may again confirm that the reduced density matrices describing polarization and frequency degrees of freedom coincide for ρ and ρ [8] . The dephasing disturbance (10) is evaluated in the continuum limit ∆ω → 0, i.e., ω ∆ω → dω, and yields [8, 77] 
FIG. 6. The maximum local trace distance (40), maxτ d(τ ), provides a lower bound for the total trace distance (38) , D(ρ), for all states (34) . While the full amount of the correlations cannot be revealed locally, the theoretical limit is reached with high precision. Figure adapted from [77] .
For the dynamical detection of the discord (38) , the Michelson delay setup, consisting of HWP2 with tunable angle η/2, and a polarizing beam splitter (PBS1) is used. Theoretically the realized dynamics is equivalent to the one described in the birefringent material, since, again one of the two polarization states acquires a modified phase shift due to a different dwell time. The dwell time τ = 2x/c in the Michelson setup is determined by the delay x of the mirror M2.
The resulting local trace distance can be shown to be independent of η, and reads in the continuum limit [77] ,
Its maximum value
produces a bound to the dephasing disturbance (38) , as depicted in Fig. 6 for different values of t. The figure shows a strong dynamical signal of the discord, as well as excellent agreement between experiment and theory. The dynamics of the qubit system, evoked through interaction with its frequency degrees of freedom, could be described as pure dephasing. No excitations are exchanged between the polarization and frequency degrees of freedom. Instead the presence of correlations between these two subsystems effectively leads to the decay of coherences in the qubit system. This dynamics if furthermore completely irreversible, and can thus be considered as Markovian, i.e., memoryless open-system evolution [83, 84] , with the time scale of the decay being determined by the width δω of the initial frequency distribution [57] . Hence, in the case of a purely dephasing coupling between system and environment, the reported experiment demonstrates the applicability of the local detection method to reveal initial system-environment discord even if the environment is completely memoryless [8] .
C. Photonic experiment with discrete-variable ancilla
In another photonic experiment, discord between the polarization and momentum degrees of freedom of a photon, created in the process of parametric downconversion, was detected using the local detection method [78] . The momentum space is restricted here to two possible channels, denoted by |0 and |1 . Hence, the ancilla system is effectively described by a discrete two-dimensional state space. This distinguishes the setup from the two experiments discussed before, where the ancilla was described by single- [62] and multi-mode [77] harmonic oscillators, respectively.
The state of one of the two photons which are created during parametric downconversion is, after suitable manipulations by a double-slit and a tunable half-wave plate, described by
with |θ = cos θ|H + sin θ|V . This state contains no discord only if the angle θ is chosen such that |θ = |H or |θ = |V . For all other values the state contains discord since |θ and |H are neither orthogonal nor parallel. As a side remark, we note that this type of discordant state can be (and was in fact) generated via a local operation from a zero-discord state, which is reflected by its low correlation rank [21] . The accessible system is given, again, by the polarization degree of freedom, and the associated qubit state is obtained through full state tomography. The local dephasing operation is then implemented using suitably adjusted polarizers. For the dynamical detection of discord a unitary evolution is realized: By inserting a relative phase shift between the two polarization states in only one of the two momentum channels, an effective interaction between the polarization and the momentum degrees of freedom is mediated. This effectively leads to pure dephasing of the polarization state and is close in spirit to the dynamics described in the previous experiment. Using these ingredients and following the local detection protocol, the discord of the initial states (41) was successfully revealed in the experiment.
When |θ = |V , however, the initial state does not contain discord. Nevertheless it is still classically correlated since it cannot be written as a factorizing product state. The deviation from a product state can also be dynamically revealed by observing an increase of the trace distance above its initial value, when comparing the evolution of the unperturbed state with the evolution after an arbitrary local operation [9, 84] ; for earlier experiments see [85] [86] [87] . In the experiment, this is realized whenever the local detection method did not produce a witness for discord. In this case, a local unitary operation, implemented through suitably placed half-wave plates, produces a reference state, such that the presence of correlations in the initial state was detected by means of an increase of the trace distance above its initial value, except when the initial state is indeed factorized [78] . This way, the resulting two-step protocol, comprised of a combination of the local detection method [10, 11] and the trace distance witness for initial correlations [9] , is able, on the one hand, to detect discord, and on the other hand, to reveal classical correlations in the absence of discord [78] .
IV. THEORETICAL STUDIES
Aside from providing an experimentally convenient method for the detection of discord, the local detection method may also be helpful to gain insight into the impact of correlations and discord through theoretical studies of interacting systems. Such studies may further provide a useful characterization of the local detection method itself, by indicating the conditions under which the presence of discord can be successfully revealed through the local dynamics.
A. Dynamical single-spin signature of a quantum phase transition A special situation arises when the state |Ψ to which the local detection method is applied, is at the same time an eigenstate of the Hamiltonian which governs the interacting time evolution of the system [68] . In this case, the dynamics without dephasing is trivially constant and any dynamics that arises after the local dephasing operation constitutes a witness for discord. Additionally, the local trace distance provides a lower bound to the bipartite entanglement of the system (the bipartition is defined by the subspace on which the dephasing was implemented and the rest of the system). Such a situation is particularly interesting when |Ψ is chosen as the ground state of a many-body system [68] , since its quantum correlations can disclose information about the existence of a quantum phase transition [88, 89] .
The local detection method has been applied in a theoretical study to reveal the quantum correlations of the ground state, as well as quantum discord of finite-temperature thermal equilibrium states in the context of a quantum phase transition [68] . The properties of the ground state are often regarded as a principal indicator of critical phenomena, since quantum phase transitions are defined as abrupt qualitative changes of the ground state as a function of some external control parameter [90] . By using the local detection method to reveal entanglement properties of the ground state to the dynamics of a single spin, we connect these ground-state properties to the entire excitation spectrum, which is relevant for the dynamical evolution of the spin. The system studied here is the Ising model with variable interaction range [8, [91] [92] [93] [94] [95] [96] [97] 
where σ (i) k describe the Pauli matrices for spin i with k ∈ {x, y, z}, J 0 determines the strength of the spin-spin interaction, which stands in competition with the transverse external field of strength B. The ground state provides an intuitive understanding of the quantum phase transition: For small values of B the contribution of the internal spin-spin interaction dominates and the relative orientation of the spins is chosen such that the associated potential energy is minimized, thereby describing a ferromagnetic state for J 0 > 0. When B is increased above a critical value, which depends on α and J 0 , the spins tend to align along the direction of the external fields and the system describes a paramagnet.
Local bound for the ground-state negativity
To apply the local detection method to the ground state of the above system, we consider the left-most spin as the controllable subsystem and consider the ensemble of all other spins as the inaccessible ancilla. This reduces the state space from an exponentially large dimension of 2 N to the easily manageable size of a qubit. The initial state |Ψ 0 , being the ground state of H α , does not evolve in time. However, by applying the local dephasing operation to the state |Ψ 0 excited states are incoherently populated, which does no longer necessarily result in a time-invariant state. Any time evolution is, according to the local detection method, a witness for discord, and, since the state is pure, in this case also a witness for entanglement. As described in Section II C, local measurements of the single spin dynamics can be used to obtain a lower bound for the negativity (a simple entanglement measure) of |Ψ 0 .
The local eigenbasis of each individual spin is for symmetry reasons (Z 2 -symmetry: invariance of H under a π-rotation around the y-axis) always given by the y-axis [8, 68] . The local dephasing is therefore always described by where | ↑ y and | ↓ y describe the eigenstates of σ (1) y and, here, I B is the identity operator on all remaining spins. Dephasing in this basis further yields the minimal trace distance (13) , as was shown in Section II C, and the dephasing disturbance thus coincides with the negativity [68] ,
The local evolution of the controllable spin is governed by
where U (t) = e −iHαt/ . At all times t, the local trace distance
yields a lower bound for the negativity N (|Ψ 0 Ψ 0 |). This quantity is fully determined by the magnetization m y (t) = Tr{ρ A (t)σ (1) y } along the y direction as [68] 
Again, we may take the time-maximum d max of all local distances, Eq. (12), here coinciding with Eq. (16), to obtain the strongest available lower bound on N , as plotted in Fig. 7 . A peak of the local signal around B J 0 , indicates the quantum phase transition and hints at the position of the critical field. For larger values of B both the total ground-state entanglement and the local signal decrease. For small values of B, entanglement is present, but not dynamically revealed. This can be understood through an analysis of the dephasing-induced excitations of the state ρ Φ [8] .
Distribution of dephasing-induced excitations
The excitation spectrum of ρ Φ is determined by the matrix elements of ρ Φ in a basis of eigenstates |Ψ j of H α : This shows, on the one hand, that the energy spectrum is widely spread, and on the other hand, that states of all energies are coupled to the ground state by means of the local dephasing. These features can be understood as the consequence of quantum chaotic structures [98] that emerge close to the critical point in this model [8] . For such dynamics, the local detection method is expected to be highly efficient since large parts of the state space are explored in the course of the dynamics, basically regardless of the initial condition [98] , recall also Section II D. For this reason, a complex dynamical evolution has a higher chance of successfully mapping the initial two-body coherences, responsible for discord, into the locally accessible subsystem.
For large values of B/J 0 the energy depends linearly on B, with a slope proportional to the number of spins that orient along the y-direction, and thus the characteristic band structure of paramagnetic systems emerges around E/J 0 = −N B, −(N − 2)B, −(N − 4)B, . . . . The finite width of these bands is due to nonzero values of J 0 . However, this implies that besides those dephasing-induced populations at (E − E 0 )/J 0 = 40, 80 which are observed in Fig. 8 there are other bands around (E − E 0 )/J 0 = 20, 60 which are not reached by the local dephasing. The reason for this is again found in the Z 2 -symmetry of the Hamiltonian: The ground state, being member of the even-parity subspace, cannot be mapped onto states of the odd-parity subspace by local dephasing (43) , since this operation commutes with the parity operator [8] . Hence, when applying local dephasing to the ground state, we remain in the parity subspace of the ground state.
Two ingredients are necessary for a successful mapping of the two-body coherences of |Ψ 0 to ρ A (t 0 ): So far we have discussed the crucial aspect of populating a family of excited states such that ρ (t) = U (t)ρ Φ U † (t) experiences a suitable dynamics. However, this condition is not sufficient, since the partial trace operation may not disclose this dynamics to the observable subsystem. To see whether the state ρ (t) actually shows richer dynamics than ρ A (t) in the case of B J 0 , we may consult the global time-autocorrelation function
which is normalized by the purity P(ρ Φ ) = Trρ coherences of ρ Φ in the energy eigenbasis, as seen from the expression
However, as Fig. 10 shows, the fact that no dynamical witness for entanglement is obtained around B J 0 is not due to the local observation of the quantum system. In this parameter regime, hardly any dynamical evolution of ρ (t) can be observed [8] .
Thermal states: Local bound for the minimum entanglement potential
Below the critical point, the energy gap between the ground state and the first excited state decreases rapidly with increasing N . Rather than a preparation of the pure ground state, one would, in realistic conditions, therefore expect to find a thermal state,
with inverse temperature β = 1/kT . When the energy gap, which also decreases with decreasing B for fixed N , becomes smaller than the thermal energy kT , then the two neighboring states are mixed incoherently. As a consequence, all quantum correlations which are present in |Ψ 0 are removed in ρ β , which can be shown to have zero discord [8] . Thus, the minimal dephasing disturbance D min , as introduced in equation (13), approaches zero when B is decreased below a temperature-dependent value. Far away from any degeneracy it reduces, as expected, to the negativity of the energetically lower-lying state, see Fig. 11 . To obtain a local bound on D min , one uses the optimized local witness, described in Eq. (16) . As seen in Fig. 11 , this quantity is less sensitive to the mixing process than the total correlations, and a maximum signal can still be observed around the critical point.
B. Atom-photon correlations during spontaneous emission
Let us finally discuss an example of a dynamical system where the local detection method is unable to reveal initial entanglement in the subdynamics. In the spontaneous emission processes, atom and field start and end in factorized conditions, while the intermediate state contains atom-field entanglement. In a theoretical study reported in [8] the local detection method was applied to such an entangled intermediate state using the atomic two-level system as the accessible subsystem, while the spontaneous emission process into the electromagnetic field modes provides the interacting dynamics. The situation differs conceptually from the photonic experiment reported in Section III B, since the interaction here exchanges energy instead of only imprinting a relative phase. Moreover, due to the irreversibility of the process, the energy which is transmitted from the atom to the photons is irretrievably lost. In the trapped ion experiment, reported in Section III A, energy was also exchanged between the two systems, but the ancilla system was described by a single mode instead of a continuum of modes, with the possibility of feedback from the environment to the controllable system.
The spontaneous emission process can be described by a unitary evolution U (t) = e −iHt/ , generated by the Hamiltonian H = H 0 + V with [99, 100] 
and
The modes of the electromagnetic field are labeled by k and |k denotes a one-photon state created by the bosonic operators a † k . The atom-field coupling strength is determined by the constants g k . The atom is initially prepared in the excited state, while the field starts out in the vaccum. The initial state |e, 0 evolves as |Ψ(t 0 ) = u 00 (t 0 )|e, 0 + k u k0 (t 0 )|g, k ,
with the matrix elements u 00 (t) = e, 0|U (t)|e, 0 and u k0 (t) = u * 0k (−t) = g, k|U (t)|e, 0 . The local eigenbasis is readily found to be {|e , |g }, and local dephasing transforms the above entangled state into the classically correlated reference state, ρ (t 0 ) = (Φ ⊗ I)|Ψ(t 0 ) Ψ(t 0 )|.
The difference between the two states, ρ(t 0 ) − ρ (t 0 ) = k (u 00 (t 0 )u * k0 (t 0 )|e, 0 g, k| + u * 00 (t 0 )u k0 (t 0 )|g, k e, 0|) ,
quantifies the atom-field negativity at time t 0 . To determine the negativity explicitly, the matrix elements of the unitary time evolution are evaluated with the resolvent method [100] and the continuum limit is performed; for details see [8] . One finds [8] N (|Ψ(t 0 ) Ψ(t 0 )|) = c e −Γt0 (1 − e −Γt0 ),
where c is a constant, independent of t 0 , and Γ is the spontaneous emission rate. This confirms the presence of atom-field entanglement in the intermediate states of the emission process. The ensuing difference in the evolutions of the atomic system from t 0 to t 1 is described by ρ A (t 1 , t 0 ) − ρ A (t 1 , t 0 ) = Tr B {U (t 1 − t 0 )(ρ(t 0 ) − ρ (t 0 ))U † (t 1 − t 0 )} = 2Re k u 00 (t 0 )u * k0 (t 0 )u 00 (t 1 − t 0 )u * 0k (t 1 − t 0 ) σ z .
Using the same techniques as before to evaluate this quantity, one finds it to be zero for all values of t 0 and t 1 [8] . This shows that the atomic evolution is insensitive to a replacement of all quantum correlations by classical correlations at any intermediate time t 0 . Hence, the atom-field correlations that are created during the spontaneous emission process cannot be detected using the same dynamical evolution. This is expected to change when modifications of the uniform exponentially decaying evolution, e.g., through higher-order corrections [100] or a structured environment [57, 84, 101, 102] are introduced.
V. CONCLUSIONS
In conclusion, the quantum discord of an interacting bipartite system can be probed with manageable overhead by using the local detection method. To do this, control can be limited to only one of the two correlated subsystems while the second system might even be completely unknown and inaccessible. The protocol requires the realization of local state tomography of the accessible system and a local dephasing operation, which may be realized by a non-selective local measurement. Due to the destructive nature of the measurement process, the protocol requires multiple copies of the initial state, as is common practice in quantum mechanical experiments.
By limiting access to one of the two subsystems, only a small Hilbert space of much lower dimension than the full quantum system, needs to be controlled. This permits the detection of discord in high-dimensional and infinitedimensional systems, where full tomographic methods and the measurement of witness operators can no longer be realized. The method is further applicable in an open-system scenario, where a controllable quantum system couples to an environment which is generally difficult to access [57] .
The efficacy of the method depends strongly on the dynamical behavior of the interacting system. A non-vanishing local dynamical signature of the initial discord is expected to be found generically for systems with complex, e.g., chaotic dynamics, exploring large parts of the state space. The case studies summarized in this article also show that for regular quantum optical model systems, the local detection method can be implemented successfully. In the context of system-environment dynamics, the photonic experiment reported in [77] demonstrates that non-Markovian effects [84] are not needed to achieve this: The evolution of the controllable subsystem was described by irreversible pure dephasing but a strong signature of the initial discord was recorded.
Conversely, the theoretical case study of the spontaneous emission process showed that a local dynamical signature of the atom-field entanglement cannot be recorded [8] . In this extreme case the dynamics is no longer of a purely dephasing nature, but instead, excitations are decaying irretrievably from the controllable system into an environment. Thus, the examples discussed in this article suggest that, for dissipative dynamics, the local detection method relies on the presence of structure in the environment, such that excitations are indeed being exchanged both ways between the subsystems, as was the case in the trapped-ion experiment [62] .
Further uses of the local detection method lie in the analysis of large interacting many-body systems by means of a small "quantum probe" [7, 8, 68, 87, 103, 104] . This was illustrated in the context of a quantum phase transition, where a strong dynamical signal of ground-state entanglement and thermal discord was observed in the vicinity of the critical point, with the measurements being limited to a single spin [68] .
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